Irradiation hardening and microstructure changes in Fe-Mn binary alloys were investigated after neutron irradiation at 290 ºC and up to 0.13 dpa. Significant irradiation hardening comparable to that of Fe-1 at.%Cu alloy was observed in Fe-1 at.%Mn alloy. Manganese increases the number density of dislocation loops, which contributed to the observed irradiation hardening. Manganese serves as a nucleus of the loop by trapping interstitial atoms and clusters, preventing 1D motion of the loops.
Introduction
Neutron irradiation hardening of reactor pressure vessel steels (RPVS) is considered to occur as a result of irradiation-induced microstructures such as dislocation loops, solute clusters, and microvoids. Since solute atoms may interact with point defects induced by neutron irradiation, microstructure evolution under irradiation would be affected by the alloying elements of steels. Manganese is a major solute in typical RPVS that is considered to play key roles in microstructure evolution under neutron irradiation. However, the role of Mn in irradiation hardening of simple iron binary alloys and RPVS has not yet been elucidated.
The interactions between solute atoms and point defects have been studied for iron-based model alloys using low-temperature electron irradiation experiments [1] [2] [3] , and the results of these studies have suggested that undersized solute atoms combine with self-interstitials and the resulting mixed dumbbells are more thermally stable than self-interstitials. However, the interaction between solute atoms, especially 3d transition elements, and point defects in bcc Fe could not be explained in terms of size factor. The magnetic properties of solute atoms have also been assumed to be important, and recent ab-initio calculations support this assumption [4] [5] [6] . Nevertheless, there is still a great deal of uncertainty regarding whether there is a significant difference in the interactions of Mn with vacancy and interstitial-type defects, even though Mn atoms are slightly oversized [6] .
The interaction of solute atoms with point defects leads to two types of microstructure evolutions, i.e., the formation of solute-rich precipitates and enhancement/inhibition of the formation of point defect clusters. It is well known that significant irradiation hardening occurs in high-Cu RPVS caused by Cu rich precipitates (CRPs), which primarily consist of oversaturated Cu [7] [8] [9] [10] . Recently, Mn-Ni-rich precipitates (MNPs) were also observed in low-Cu RPVS [11] [12] [13] . Three-dimensional atom-prove tomography (3DAP) and small angle neutron scattering (SANS) have revealed the nature of solute-rich clusters. Solute atoms also influence the formation of point defect clusters, which are well known as interstitial loops and voids. Although it is difficult to reveal the nature of point defect clusters less than 1 nm by transmission electron microscopy (TEM), vacancy clusters can be pursued by positron annihilation spectroscopy (PAS). However, only a few studies have reported the irradiation hardening and microstructure changes in Fe-Mn alloys [14, 15] . Furthermore, the irradiation dose that the materials used in previous studies were subjected to was so low that the effect of Mn probably could not form a sufficient number of point defect clusters.
In the present study, neutron irradiation hardening and microstructure changes in Fe-Mn binary alloy were investigated to clarify the effects of Mn on the irradiation hardening of bcc Fe.
Experimental Methods

Materials and irradiation conditions
The materials used were Fe-0.1Mn, Fe-1Mn, and Fe-1.4Mn (at.%) alloys, as well as pure Fe and Fe-1Cu (at.%) for comparison. The chemical compositions of the materials used are listed in Table 1 . Alloy button ingots were produced by the arc-melting method in Ar gas atmosphere using a copper hearth. The alloy buttons were first homogenized at 1000 ºC for 24 h and then at 825 ºC for 48 h, after which they were furnace cooled. The buttons were then cold rolled into 0.3-mm-thick sheets without annealing. Tensile specimens with a gage geometry of 1.2-mm wide × 5.0-mm long × 0.25-mm thick and disk-shaped specimens with a diameter of 3 mm for transmission electron microscopy (TEM) were punched out. All specimens were finally recrystallized at 825 ºC for 0.5 h, after which they were quenched in ice water.
Neutron irradiations were conducted in the Japan Materials Testing Reactor (JMTR) under the conditions listed in Table 2 . The irradiation temperatures were monitored and controlled at 290 ± 1 ºC.
Post-irradiation experiments
Tensile tests were conducted at room temperature (RT) at a crosshead speed of 0.2 mm/min. Irradiation hardening was measured as the difference in the yield stress before and after irradiation; Δσ y = σ y,irr -σ y,unirr . The yield stress was defined as the 0.2% offset value from the straight line of elastic deformation in the stress strain curve. The yield stress was the average of the three tensile tests.
The microstructure of the materials was observed by TEM (JEM-2010) at an acceleration voltage of 200 kV. Thin foils were prepared using a focused ion beam (FIB) system and an ultralow-energy Ar ion beam sputtering system (Technorg-Linda GentleMill). Radiation-induced defects were observed by a weak beam technique. The Burgers vector b of dislocation loops was determined by g·b analysis. It was assumed that only ½<111> loops and <100> loops existed in the irradiated specimens. The nature of the loops was determined by the inside-outside technique [16] . The foil thickness was measured by the convergent beam electron diffraction (CBED) method.
Results
Irradiation hardening and microstructure changes in Fe-Mn alloys
The effect of neutron irradiation (0.13 dpa) on the tensile stress-strain behavior of Fe-1Mn alloy is shown in Fig. 1 , as well as that on the stress-strain behavior of pure Fe and Fe-1Cu alloy for comparison. Fe-1Mn alloy showed much larger irradiation hardening (Δσ y = 344 MPa) than pure-Fe (Δσ y = 83 MPa). The large hardening in Fe-1Mn alloy was comparable to that of Fe-1Cu alloy but was accompanied by a loss of elongation as usual. The irradiation hardening of the Fe-1Cu alloy was considered to be due to CRP [7] [8] [9] [10] . Alexander et al. [15] . It should be noted that the Δσ y of Fe-1Mn alloy abruptly increases over around 0.06 dpa, although there is data scatter. Mn appears to have no effect below 0.06 dpa. The Δσ y of the Fe-1Cu alloy exhibited a typical behavior of irradiation hardening in that it increased and then became saturated in response to lower irradiation doses [7, 9] . The Δσ y of pure Fe appears to show a linear dependence on (dpa) 1/2 .
The dependence of irradiation hardening (Δσ y ) on the Mn contents is shown in therefore, quantitative examination was conducted for both the bright and the dark field images. The densities of the ½<111> loop and the <100> loop in the Fe-1.4Mn alloy were found to be 1.1 × 10 22 m -3 and 1.0 × 10 22 m -3 , respectively. The total density and the average diameter were 2.1 × 10 22 m -3 and 9.9 nm, respectively. It could not be determined whether the ½<111> loops were interstitial-type or vacancy-type loops using the diffraction vectors in Table 3 ; however, the <100> loops was identified as the interstitial-type loops.
Based on the numerical data obtained above, irradiation hardening could be estimated by the Orowan-type mechanism, which is expressed as follows:
where α is the strength factor, which is 0.25-0.6 for dislocation loops [17] [18] [19] ; M is the Taylor factor, whose reasonable value for bcc materials is 3.06 [20] ;  is the shear modulus; b is the magnitude of Burgers vector; and N and d are the number density and the average diameter of the loops, respectively. In the present study, α was set to 0.15 for pure-Fe and 0.37 for the Fe-1.4Mn alloy to apply the calculated values to the results of the tensile tests. It can be seen that the loops are able to account for the observed irradiation hardening based on the Orowan-type dislocation barrier mechanism. The difference in the strength factor between pure-Fe and Fe-1.4 Mn alloy can be interpreted in terms of barrier strengthening by the trapping of Mn atoms at the core of the dislocation loops, which increases the interaction force with moving dislocations.
Mechanism of Mn effects
In a previous study [21] , irradiation hardening of neutron-irradiated Fe-1at.%Cr, Fe-1at.%Ni, and Fe-1at.%Mo alloys was investigated, and no significant irradiation hardening was observed in these alloys, suggesting that Mn atoms play a different role in the formation of radiation-induced defect structures among the other alloying elements. In an ab-initio study conducted by Olsson et al. [6] , the binding energies of Mn atoms was rather high, containing both a vacancy and a self-interstitial atom, which is only characteristic of Mn atoms, but not other alloy elements having a high binding energy only with vacancy. It was also shown that the interaction between 3d transition elements and point defects in bcc Fe cannot be accounted for only by the atomic size factor owing to the strong magnetic coupling of the 3d elements. This is especially true for Mn, which showed the greatest deviation from the model, apparently as a result of its electronic structure effects being closely linked to its half-filled d-band. It is expected that this unique property of Mn was a result of the difference in the irradiation hardening behavior and microstructure changes among Fe-based binary alloys.
According to the tensile test results and the ab-initio study, the characteristic irradiation hardening in Fe-Mn alloys can be attributed to the strong interaction of Mn atoms with interstitial atoms. Manganese atoms behave as the nuclei of the loops by trapping interstitial atoms and interstitial clusters generated by cascades. Moreover, Mn impedes the one-dimensional motion of the interstitial loops. As a result, a high density of loops was observed in irradiated Fe-Mn alloys.
Based on the discussion above, the dose dependence of irradiation hardening of 
Conclusions
The roles of Mn in neutron irradiation hardening and microstructure changes in bcc Fe were investigated after irradiation at 290 C at doses ranging from 4.5 × 10 -3 dpa to 0.13 dpa. The main results were as follows:
1) Fe-1at.%Mn alloy shows much larger irradiation hardening (Δσ y = 344 MPa) than pure-Fe (Δσ y = 83 MPa). The large hardening in Fe-1Mn alloy was comparable to that of Fe-1Cu alloy but was accompanied by a loss of elongation as usual.
2) Irradiation hardening increases as the Mn contents increase. It appears that there is a threshold Mn content to cause such a great increase in irradiation hardening.
3) Mn increases the number density of dislocation loops, which contribute to irradiation hardening. In particular, Mn atoms behave as nuclei of the loops by trapping the interstitial atoms and interstitial clusters generated by cascades.
4) The uniqueness of the effects of Mn in the electronic structure is closely linked to its half-filled d-band and may be attributed to the difference in irradiation hardening and microstructure changes among Fe-based binary alloys. Tables   Table 1 Chemical compositions 
